Summary. Cardiovascular magnetic resonance is becoming an important imaging modality in
Introduction
Cardiovascular magnetic resonance (CMR) is becoming more widely used to assess patients with ischemic heart disease (IHD) and has many substantial advantages over conventional imaging techniques. Recent advances provide a comprehensive evaluation of global and regional ventricular function, myocardial perfusion at rest and during stress, and irreversible myocardial injury using paramagnetic contrast materials in a single study. T2-weighted imaging enables to distinguish acute myocardial damage from chronic. Coronary magnetic resonance angiography (MRA) is rapidly evolving, and recent studies have demonstrated promising results to rule out significant coronary stenosis. CMR is relatively safe, provides high spatial and temporal resolution, and does not expose ionizing radiation, and images can be obtained in any tomographic plane. However, metal implants remain a relevant problem in the magnetic resonance imaging (MRI) system. This review article summarizes a contemporary clinical role of CMR in patients with ischemic heart disease.
Assessment of Ventricular Function
CMR has become a standard of reference for the assessment of global and regional systolic function and the estimation of cardiac volumes and mass. Cine imaging enables the evaluation of ventricular wall motion abnormalities, changes in wall thickness during the cardiac cycle, and accurate assessment of cardiac chamber volumes (1) . Balanced steadystate free precession (bSSFP) pulse sequences are most frequently used for functional imaging due to the high contrast differences between intracavitary blood and the myocardium. The conventional cine sequence is a segmented, retrospectively gated acquisition, in which images are obtained during the different phases of the entire cardiac cycle and viewed as a movie. Short-axis cine loops from the mitral valve plane through the apex are acquired with a slice thickness of 6 to 8 mm and a interslice gap of 2 to 4 mm (Fig. 1) . These sequences have an in-plane resolution of approximately 1.5 to 2.0 mm 2 and a temporal resolution of 50 ms and less.
Gating is critically important in CMR to avoid the blurring of images. An accurate detection of ECG signal eliminates artifacts caused by the motion of the heart and blood flow. Electric currents produced by the movement of electrically conductive blood though the strong magnetic field distorts the ECG signal. The goal of cardiac synchronization is to obtain a high-amplitude QRS complex, in which R waves are significantly higher than T waves, and the use of vectorcardiography (VCG) improves the detection of R waves. ECG gating can be done either prospectively or retrospectively. The advantage of retrospective gating is the possibility to image the entire cardiac cycle without the loss of the terminal phase of diastole. The respiratory motion causes artifacts in the phase-encoding direction. Fast imaging techniques enables the acquisition of an image during the single breath-hold (10-15 seconds) . If gating is unsuccessful, or the patients have an irregular heart rhythm, or cannot hold their breath, real-time imaging may be an alternative (2) .
The estimation of ventricular volumes using Fig. 1 . The stack of short-axis images from the base through the apex at the end-diastolic phase with the slice thickness of 8 mm using a balanced steady-state free precession technique volumetric methods is more accurate than biplane measurements (3) . All short-axis images are assessed with dedicated computer analysis packages for planimetry of endocardial and epicardial contours at ventricular end-diastolic and end-systolic cardiac phases. The major drawback is time required for manual contouring. The calculation of ventricular volumes is based on the disk summation method also known as the modified Simpson's rule. The inclusion or exclusion of the most basal ventricular slice into calculations is associated with a significant variation in the end-diastolic volume. It is recommended to include the most basal slice if 50% or more of the myocardial ring is clearly visible (4). The addition of information on long-axis images improves the identification of the most basal ventricular slice and reduces interstudy variability for all left ventricular functional parameters (5) . A 17-segment model proposed by the American College of Cardiology and the American Heart Association is used to assess regional myocardial contraction. Myocardial tagging is the commonly used tissue tracking technique that allows the quantitative assessment of intramyocardial contractile function, strain, and strain rate (Fig. 2 ). Radiofrequency and gradient pulses saturate tissue magnetization in a linear or grid-like pattern. CMR is a highly reproducible and accurate imaging modality for the evaluation of ventricular size and function with low intraobserver and interobserver variability (6) (7) (8) (9) (10) (11) . Echocardiography remains the most widely used noninvasive technique to assess cardiac function. Several studies documented the superiority of CMR over 2-dimensional echocardiography, which is highly operator dependent, often limited by a poor acoustic window, need of geometric assumptions, and less reproducible measurements (3, 12, 13) . Even new real-time 3-dimensional echocardiography underestimates left ventricular volumes due to inability to reliably differentiate between the myocardium and trabeculae and is less reproducible than CMR (14) .
Ischemia Assessment
Inadequate perfusion of the myocardium causes an imbalance between oxygen supply and demand. The most common cause of myocardial ischemia is obstructive coronary artery disease (CAD). In the absence of segmental atherosclerotic narrowing of epicardial coronary arteries, abnormal constriction or failure of normal vasodilatation of coronary vessels can cause ischemia. Also coronary blood flow may be limited by spasm, arterial thrombi or emboli, congenital abnormalities or inflammation of coronary arteries, or an increase in myocardial oxygen demand. The lack of oxygen during the episodes of inadequate perfusion may cause transient disturbances of the mechanical, biochemical, and electrical functions of the myocardium.
Although several noninvasive imaging modalities are currently available for the evaluation of myocardial ischemia, treadmill or bicycle ergometer exercise testing, stress echocardiography, and stress single-photon emission tomography (SPECT) are most widely used in clinical practice. However, cardiovascular MRI has many advantages over conventional imaging techniques. CMR can accurately assess cardiac morphology, global and regional cardiac function, myocardial ischemia, and viability in the presence of hemodynamically significant coronary lesions in a single session.
Exercise Stress Cardiovascular Magnetic Resonance
Physiologic stress is preferred over pharmacological as it allows not only the detection of myocardial ischemia but also the assessment of individual functional capacity and hemodynamic response (15) (16) (17) . However, exercise stress CMR is still limited due to the lack of MRI-compatible exercise and monitoring equipment, and exercise stress ECG, echocardiography, or SPECT imaging remain the modalities of choice in the detection, treatment decision-making, and prognosis of cardiovascular diseases (18) .
If previously exercise stress CMR was limited due to motion artifacts, the introduction of faster CMR sequences has allowed overcoming these obstacles. Rapid image acquisition after exercise is particularly important and must be completed within 60 seconds to capture exercise-induced wall motion abnormalities (16) . However, bringing the exercise and monitoring system inside the MRI environment remains a challenge as it contains of ferromagnetic components. Roest et al. demonstrated the feasibility to perform exercise stress CMR during supine physical exercise stress using an MRI-compatible bicycle ergometer. The investigators evaluated biventricular response to physiologic stress in 16 healthy volunteers. Stroke volume and ejection fraction (EF) increased in both ventricles, end-systolic volumes 20 healthy volunteers. The standard treadmill was modified by replacing all ferromagnetic elements including the components of electromagnetic motor and placed inside the MRI room in a field of 0.2 mT (2 G). After the achievement of exercise limit or the maximum predicted heart rate, patients were placed inside the magnet bore. Real-time cine of 7 slices without ECG triggering and breath-hold for the functional assessment and perfusion imaging of 3 short-axis slices were acquired. The study protocol was completed with resting perfusion, and late gadolinium enhancement (LGE) imaging was performed to assess myocardial viability. The average time between maximal exercise and start of the imaging was 30±4 seconds, and the duration of the entire study was approximately 1 hour. Cine imaging was completed within 45±4 seconds, and the peak myocardial enhancement during the perfusion imaging was reached within 57±5 seconds of the end of exercise (21) . In a recent study conducted by Foster et al., exercise stress CMR was performed with a treadmill constructed of nonferromagnetic components and the hydraulic power system. There was no evidence of attraction of ferromagnetic objects or imaging artifacts, and cine imaging was completed within 40±7 seconds following the termination of exercise (22) .
Raman et al. performed treadmill stress CMR and SPECT in ambulatory patients with suspected or known CAD. An imaging protocol included both CMR and SPECT imaging at rest and during the same treadmill exercise test. The average time from the end of exercise to the beginning of imaging was 42.4±5.2 seconds. Cine CMR was performed using the real-time nontriggered bSSFP sequence with parallel imaging and was completed within 68±14 seconds following the termination of exercise. Myocardial perfusion imaging (MPI) was completed in 88±8 seconds. The agreement between SPECT and CMR was moderate (к=0.58, 95% CI 0.30-0.80). The accuracy to diagnose hemodynamically significant CAD in 8 patients who underwent coronary angiography was 7/8 for CMR and 5/8 for SPECT (P=0.625). There was no incidence of cardiovascular events at the 6-month follow-up in patients with normal findings by either imaging modality (23) .
High-Dose Dobutamine Stress Testing
Dobutamine is a synthetic beta 1 selective catecholamine agonist that increases the heart rate, myocardial contractility, and ventricular wall tension. Increased oxygen consumption causes a mismatch between oxygen demand and supply and contraction abnormalities within the myocardial segments supplied by the stenotic coronary artery. The conventional protocol of dobutamine stress CMR (DS-CMR) follows the intravenous administration of dobutamine in incremental doses of 10 μg/(kg˙min) every 3 minutes up to a maximum dose of 40 μg/ (kg˙min) and acquisition of cine loops in the standard views (4-chamber, 2-chamber, 3-chamber, and 3 short-axis cine slices) at rest and each increment of dobutamine dose until the heart rate exceeds 85% of the maximum age-predicted heart rate. For some patients, the additional administration of atropine may be needed to achieve the target heart rate. Because ECG monitoring is limited, an immediate review of acquired cine loops for the development of new wall motion abnormalities is important, and the study must be interrupted in the presence of ischemia and adverse effects or when the target heart rate is achieved (24) .
High-dose DS-CMR is a relatively safe and feasible imaging modality. Wahl et al. demonstrated data from 5-year experience in 1000 consecutive patients and reported an overall 6.4% incidence of side effects. There was no death or myocardial infarction, and the rates of major and minor side effects were 0.1% and 6.3%, respectively. Paroxysmal atrial fibrillation was the most frequent cardiac side effect (1.6%) (25) . The similar rates of side effects showed Kuijpers et al. in a single center study of 400 consecutive patients. Hypotension (1.5%) and arrhythmias (1.0%) were the most common side effects (26) .
DS-CMR is well suited to detect ventricular motion abnormalities in patients with known or suspected CAD. In the study conducted by Pennell et al., 25 patients underwent DS-CMR, dobutamine thallium 201 single-photon emission tomography (DS-SPECT), and quantitative coronary angiography (QCA). The prevalence of hemodynamically relevant CAD was 88%. The majority (91%) of the patients with significant CAD on invasive angiography demonstrated reversible wall motion abnormalities on DS-CMR, and 96% had reversible ischemia on DS-SPECT (27) . DS-CMR is an accurate and reliable imaging technique with low interobserver variability for identifying inducible wall motion abnormalities (IWMAs) indicative of a significant coronary lesion (28, 29) . DS-CMR at 3 T is feasible and can accurately depict significant CAD with a sensitivity and specificity of 80% and 86%, respectively (30) . The diagnostic capability of DS-CMR to detect relevant CAD is similar for both genders (31) .
The diagnostic accuracy of DS-CMR has been compared with dobutamine stress echocardiography (DSE) in 208 consecutive patients with suspected CAD. Significant CAD was defined as ≥50% luminal stenosis and was present in 109 of the 172 patients (64.3%). The image quality of DS-CMR was significantly higher comparing with DSE, and only 3 cases (1.6%) were nondiagnostic. The diagnostic accuracy of DS-CMR was superior to that of DSE (86.0% vs. 72.7%). The sensitivity increased from 74.3% to 86.2% and the specificity from 69.8% to 85.7% for DSE and DS-CMR, respectively (32) .
DS-CMR has been shown to be superior to adenosine stress CMR for the detection of IWMAs in patients with suspected or known CAD but without a history of previous myocardial infarction. The dobutamine IWMAs were most accurate to detect coronary stenoses of >50%, while adenosine IWMAs had the highest accuracy to detect >75% luminal narrowing. The sensitivity for the detection of relevant CAD by dobutamine-and adenosine-induced contractility dysfunction and adenosine perfusion imaging were 89%, 40%, and 91% with a specificity of 80%, 96%, and 62%, respectively. Adenosine IWMAs occurred only in the segments with perfusion defects of >75% transmural extent. The visual assessment of adenosine-induced perfusion deficits was sensitive, but less specific (33) . The specificities and sensitivities of CMR wall motion imaging studies are summarized in (Table 1) .
Gebker et al. investigated the additional role of dobutamine stress perfusion CMR during DS-CMR to detect hemodynamically significant CAD. Perfusion images were acquired at rest and during dobutamine stress in 455 consecutive patients. The addition of perfusion imaging during high-dose DS-CMR for the diagnosis of CAD significantly increased sensitivity, but not specificity. The overall diagnostic accuracy did not change and was 84% (34) . The use of new acquisition techniques (strain-encoded CMR) improves the detection of CAD compared with a conventional assessment of regional wall motion on cine images. A cutoff value of the strain rate reserve of 1.64 yielded high accuracy for the depiction of ≥50% coronary stenosis (P<0.001) (35) .
The long-term prognostic value of DS-CMR has also been established. Hundley et al. reported an excellent 2-year cardiac prognosis in patients without inducible ischemia and preserved left ventricular EF (≥40%), while the evidence of inducible ischemia or reduced left ventricular systolic function (EF<40%) was associated with future myocardial infarction and cardiac death (36) . Kuijpers et al. analyzed the prognostic value of DS-CMR in 299 consecutive patients with known or suspected CAD. The cardiac event-free survival rate during a mean followup of 24 months was 96.2% in individuals without IWMAs. The patients with negative DS-CMR but rest wall motion abnormalities had a higher annual major adverse cardiac event rate than patients without contractility dysfunction at rest (18% vs. 0.56%) (37) .
A prognostic value of adenosine stress perfusion and DS-CMR was investigated in 513 patients with known or suspected CAD and previous myocardial revascularization during a mean follow-up of 2.3 years. An imaging protocol included the first pass of gadolinium diethylene triamine penta-acetic acid (Gd-DTPA) during the infusion of adenosine and high-dose DS-CMR. The 3-year cardiac event-free survival for patients with normal adenosine stress perfusion and without IWMAs during DS-CMR was 99.2%. Inducible ischemia on stress CMR was associated with high risk for future cardiac events (38) . In a recent study by Dall'Armellina et al., DS-CMR-induced wall motion abnormalities in individuals with mild-to-moderately reduced left ventricular systolic function (EF 40% to 55%) were associated with a higher risk of future cardiac events and were similar to the risk experienced by individuals with left ventricular EF of <40% with or without an increase in the wall motion score index during DS-CMR (39) .
Perfusion Imaging
MPI is performed at rest and during stress induced by an administration of dipyridamole or adenosine by measuring the changes of myocardial signal intensity during the first pass of an intravenously injected bolus of gadolinium-based contrast media. Adenosine is the most often used pharmacological stressor that causes vasodilatation of most vascular beds. Stress agents change the distribution of blood flow within the myocardium supplied by a hemodynamically significant plaque burden with- Karamitsos et al. showed that the independent predictors of inadequate response were the age of more than 65 years (P=0.0001) and EF of less than 57% (P=0.0083) and suggested that the high-dose adenosine protocol (up to 210 μg˙kg -1˙m in -1 ) could be well tolerated and resulted in an adequate hemodynamic response but with a higher incidence of chest pain in the high-dose group (P=0.009) (41) .
Myocardial perfusion reserve after dipyridamole infusion has been used to assess the diagnostic accuracy of perfusion imaging for the detection of relevant CAD and demonstrated significant differences between ischemic and nonischemic myocardial segments. The overall diagnostic sensitivity, specificity, and accuracy for the detection of hemodynamically significant coronary artery stenosis (≥75%) were 90%, 83%, and 87%, respectively (42). Schwitter et al. compared the capability of first-pass dipyridamole perfusion CMR to detect relevant CAD with positron emission tomography and conventional angiography and reported a sensitivity of 91% and a specificity of 94% for the detection of CAD in comparison with PET, and a sensitivity and specificity of 87% and 85%, respectively, with QCA (43) . A semiquantitative assessment of perfusion can be performed by calculating the myocardial perfusion reserve index (MPRI). Nagel et al. achieved a diagnostic accuracy of MPRI of 89% for the detection of significant CAD when 3 inner slices were assessed. The MPRI was calculated from the upslopes of the signal intensity curves at rest and during stress after correction for the upslope of the left ventricular cavity curve (44) .
A large meta-analysis reviewed 37 studies (2191 patients) with 24 datasets (1516 patients) using perfusion imaging from multiple centers with a relatively high prevalence of the disease (57%). The analysis of perfusion imaging datasets revealed a sensitivity of 0.91 (95% CI, 0.88 to 0.94) and a specificity of 0.81 (95% CI, 0.77 to 0.85) for the diagnosis of CAD (45) . A recent meta-analysis of diagnostic accuracy of stress perfusion CMR for the diagnosis of relevant CAD demonstrated a high sensitivity (89%), but a moderate specificity (80%). Adenosine stress perfusion CMR was more sensitive than dipyridamole stress perfusion CMR (90% vs. 86%, P=0.022), but a difference in specificities was statistically insignificant (81% vs. 77%, P=0.065) (46) . CMR perfusion imaging at 3 T provides a higher diagnostic accuracy (90% vs. 82%), sensitivity (98% vs. 90%), specificity (76% vs. 67%), positive predictive value (89% vs. 84%), and negative predictive value (94% vs. 78%) for the detection of significant CAD compared with imagining at 1.5 T (47). The combination of adenosine stress and rest perfusion CMR and delayed enhancement imaging has been shown to be more accurate (88% vs. 68%) to detect hemodynamically relevant CAD (≥70% luminal obstruction) than perfusion CMR alone (48) . The specificities and sensitivities of CMR perfusion studies are shown in Table 2. A multicenter, multivendor, prospective MR-IMPACT trial compared perfusion CMR with SPECT and concluded that perfusion CMR in the entire study was superior to SPECT and may be considered as an alternative for SPECT imaging in specialized centers. The higher sensitivity and specificity of perfusion CMR is thought to be because of higher spatial resolution (50) . A recently published large prospective CE-MARC trial demonstrated the high diagnostic accuracy and superiority of perfusion CMR over SPECT in patients with CAD. The CMR protocol included rest and adenosine stress perfusion, cine imaging, late gadolinium enhancement, and magnetic resonance angiography. Multiparametric CMR provided a higher sensitivity (86 (51) . Adenosine stress perfusion CMR can accurately assess the significance of nonculprit vessel ischemia early after successful primary percutaneous intervention (PCI) in patients with acute ST-segment elevation myocardial infarction with the diagnostic accuracy of semiquantitative analysis of 96% (52) .
Noninvasive imaging for the assessment of CAD is largely performed by anatomical or functional imaging. Invasively measured fractional flow reserve (FFR) is more reliable for the evaluation of the significance of functional stenosis than noninvasive imaging modalities (53) . A recent study compared the accuracy of first-pass adenosine stress perfusion CMR and invasively pressure wire-derived FFR (the value of 0.75 denoted a significant lesion) to detect reversible myocardial ischemia. Of the 76 patients with a perfusion defect on their perfusion images, 97% had an FFR of <0.75 in at least one coronary artery. The overall sensitivity and specificity of firstpass stress perfusion imaging for the detection of functionally significant CAD were 91% and 94%, respectively, with the positive and negative predictive values of 91% and 94%, respectively (54) . CMR perfusion imaging at 3 T with new acquisition sequences (k-t SENSE) further improves in-plane resolution (1.2 to 1.2 mm 2 ) and can be used to detect functionally significant CAD as defined by FFR, using both qualitative and quantitative analyses (55) .
First-pass perfusion CMR has a prognostic value and may serve as a reliable tool to reduce the rate of unnecessary invasive coronary angiographies. Pilz et al. reported an excellent 1-year prognosis in patients with normal adenosine stress perfusion imaging and suspected CAD. The major adverse cardiac event rate was 0.92%, and a negative predictive value at 6 and 12 months were 99.5% and 99.1%, respectively (56). Lubbers et al. showed similar results without additional major adverse cardiac events at the 2-year follow-up (57) .
A recent study of 158 patients confirmed a very high negative predictive value (96.2%) of normal adenosine stress CMR for relevant CAD. The semiquantitative analysis of CMR perfusion further increased a negative predictive value to 98.7% when using the cutoff values of >1.8 for the arrival time index or 1.2 for the peak time index (58) . Furthermore, because of a high negative predictive value, adenosine stress CMR not only reduces the excessive use of invasive angiography but also financial costs (59) . Adenosine stress CMR can be used as a noninvasive imaging modality to assess patients with low-risk chest pain at the emergency department (60). Jahnke et al. evaluated a gender-based prognostic value of combined single session stress CMR in 679 patients during a mean follow-up of 5.3 years and demonstrated equally high predictive power of future cardiac events of adenosine stress perfusion and dobutamine wall motion imaging in individuals with perfusion deficits or wall motion abnormalities. The independent predictors of cardiac events in men were age, diabetes, and the presence of wall motion abnormalities or perfusion defects, while in women, significance predictors were only impaired left ventricular EF (<40%) and the presence of wall motion abnormalities or perfusion detects. Myocardial perfusion and wall motion imaging during stress CMR have similar accuracy to predict cardiovascular events in men and women. The negative combined stress CMR study is associated with the event-free survival of 100% in women for 4 years and >99% in men for 2 years after the CMR examination (61) .
The integrated CMR protocol is feasible to detect reversible ischemia in patients who previously were treated by PCI or coronary artery bypass grafting (CABG). The combination of adenosine stress perfusion CMR with late gadolinium enhancement for detecting hemodynamically significant coronary stenosis yielded a sensitivity and specificity of 0.91 and 0.90 in PCI patients, and 0.79 and 0.77 in CABG patients, respectively. Further studies are needed to evaluate how to improve the diagnostic accuracy in patients after surgical revascularization (62) .
Dipyridamole and adenosine activate 4 subtypes of the adenosine receptor: A 1 , A 2A , A 2B , and A 3 . Coronary vasodilatation is achieved by activating the A 2A receptor subtype. However, agents simultaneously stimulate the A 1 , A 2B , and A 3 subtypes, the activation of which is associated with undesirable adverse effects, such as chest pain, breathlessness, dizziness, nausea, flushing, or atrioventricular (AV) block. Both stress agents can provoke bronchospasm and, therefore, are contraindicated in patients with chronic obstructive lung disease (COPD) and asthma (63) (64) (65) .
Binodenoson is a highly selective adenosine A 2A receptor agonist with a weak affinity for other adenosine receptors. In a study by Udelson et al., pharmacological stress SPECT using 4 different dosing regimens of binodenoson was compared with a standard adenosine SPECT MPI protocol. The investigators demonstrated very good-to-excellent agreement in the extent and severity of reversible perfusion deficits between both stress agents. The frequency of the most common side effects was significantly lower in all dosing regimens of binodenoson compared with those of adenosine (P≤0.01). In the binodenoson group, there was no high-degree AV block, and subjective side effects occurred less frequently and were less severe (66) .
Nowadays, only one selective adenosine A 2A receptor agonist -regadenoson -is approved for clinical use. Regadenoson has a low affinity for the adenosine A 2A receptor subtype, but due to a large receptor reserve in arterial smooth muscle cells, it produces rapid and short maximal coronary vasodilatation. The drug dose is not dependent on patient's weight or renal function (64, 65) . The Adenoscan Versus Regadenoson Comparative Evaluation for Myocardial Perfusion Imaging (ADVANCE MPI) 1 and 2 trials demonstrated the noninferiority of regadenoson to adenosine for the detection of reversible perfusion deficits. Regadenoson induced a more rapid and greater increase in the heart rate, but the recovery period was shorter in patients who received adenosine, and no difference in the blood pressure lowering effect was observed. Patients in the regadenoson group developed the most common side effects less frequently, but experienced headache and gastrointestinal discomfort more frequently. Moreover, there was no incidence of thirddegree AV block, while first-and second-degree AV block was observed in 2.8% and 0.1% of patients, respectively (67, 68) . A recent study by Husain et al. evaluated an immediate and short-term safety profile of regadenoson in patients with COPD and asthma and demonstrated a 0% incidence of clinical exacerbation of the disease and no high-degree AV block (69) .
The prognostic significance of ischemic ECG changes during regadenoson stress SPECT in patients without detectable perfusion deficits was investigated by Uthamalingam et al. (70) . Stress perfusion SPECT MPI was performed using technetium-99m sestamibi that was injected 30 seconds after the administration of a single 400-µg dose of regadenoson. A 12-lead ECG was recorded before and continuously during the stress test and was assessed every minute. The regadenoson-induced ST-segment depression with normal SPECT-MPI was associated with the annual rate of cardiac death and coronary revascularization of 1.9% and 9.9%, respectively, during the mean follow-up of 14±7 months (70) .
Assessment of Myocardial Viability
Left ventricular dysfunction may be a consequence of reversibly or irreversibly injured myocardium. The hibernating myocardium could be described as persistent mechanical dysfunction with reduced coronary flow, but preserved viability (71) .
The viable myocardium should demonstrate improved contractility in response to pharmacological stress and may recover after successful revascularization, while irreversibly damaged myocytes are replaced by fibrotic tissue and remain dysfunctional despite reperfusion therapy.
Low-Dose Dobutamine Stress
The viable and reversibly dysfunctional myocardium will functionally improve during a low-dose (5-10 μg˙kg -1˙m in -1 ) dobutamine infusion. Because of the limited contractile reserve, a further increase in the dobutamine dose results in the worsening of myocardial contractility ("biphasic response"). Baer et al. investigated the capability of low-dose dobutamine stress CMR to detect residual myocardial viability in patients with chronic CAD and compared with 18F-fluorodeoxyglucose positron emission tomography. Dobutamine-induced wall thickening was a better predictor of residual metabolic activity with a higher sensitivity (81% vs. 72%), specificity (95% vs. 89%), and positive predictive value (96% vs. 91%) than end-diastolic wall thickness at rest compared with 18F-fluorodeoxyglucose positron emission tomography (72) .
Several studies have demonstrated that the transmural extent of late gadolinium enhancement provides the accurate prognostication of functional recovery after successful revascularization (77, 90) . Wellnhofer et al. demonstrated that low-dose dobutamine stress CMR is superior to contrast-enhanced CMR in predicting a functional recovery when the transmurality of myocardial infarction is 1% to 74% (73) . Dobutamine-induced systolic wall thickening in patients with chronic left ventricular dysfunction is associated with the transmurality of myocardial scar. The contractile reserve during inotropic stimulation demonstrated dysfunctional segments with the transmural extent of scar tissue of <50% (74) . A recent study reported that in patients with a large myocardial scar, the evidence of contractile reserve was a more important predictor for future events than scar tissue (75) .
Infarct Imaging
Contrast-enhanced CMR (CE-CMR) is becoming a new first-choice modality for the assessment of myocardial viability. The intravenous injection of a paramagnetic contrast agent significantly improves the diagnostic accuracy of CMR for identifying the extent and distribution of irreversible myocardial injury. The majority of CMR contrast materials approved for clinical use are based on gadolinium chelates. Free gadolinium (Gd 3+ ) ions are toxic; therefore, they must be compounded before administration. Exposure to gadolinium-based contrast media in patients with advanced renal failure has been associated with the development of nephrogenic systemic fibrosis, a potentially fatal disorder. Therefore, the administration of gadolinium-based contrast media is not recommended in the presence of advanced renal failure with an estimated glomerular filtration rate (GFR) of less than 30 mL/ (min˙1.73 m 2 ) (76). Gadolinium shortens predomi-nantly T1 relaxation and increases the signal intensity on T1-weighted images (smaller effect on T2). Images are typically obtained 10 to 20 minutes after the injection of contrast material. This time is optimal to achieve a peak difference between the viable and irreversibly injured myocardium (Fig. 3) (2). The inversion recovery technique increases the signal intensity of infarcted tissue more than 500% by suppressing the signal from the normal myocardium (77) .
CE-CMR has been validated as an accurate and reproducible imaging technique to define the infarct size. Kim et al. reported that hyperenhancement was clearly seen after Gd-DTPA administration in both acute and chronic myocardial infarction. The spatial distribution of scar detected by CE-CMR was nearly identical to the necrotic area defined by histopathology at 1 and 3 days or 8 weeks after instrumentation. Conversely, the transient occlusion territory did not enhance despite the presence of myocardial stunning (78) . Several studies showed a good correlation with the postmortem data, and there was no significant difference in the infarct size when images were obtained up to 30 minutes after the contrast injection (79) . Contrast enhancement in acute injury is visible due to sarcomere rupture and gadolinium diffusion into myocytes (80) , while contrast differences at the chronic stage are associated with the presence of fibrotic tissue and delayed wash-in and wash-out kinetics in the infarcted area compared to the normal myocardium (81) . Early restoration of blood flow in an occluded coronary artery reduces the transmural extent of hyperenhancement (82) . With a high spatial resolution and contrast-to-noise ratio, delayed enhancement imaging can identify subendocardial infarctions undetected by SPECT or PET (83) .
The major advantage of CMR over other noninvasive diagnostic modalities is its ability to differentiate between acute and chronic myocardial injury. T2-weighted CMR sequences can determine an increase in the myocardial water content. During an acute stage of myocardial infarction, T2-weighted CMR is able to visualize myocardial edema as the area at risk, which is a feature of acute but not chronic injury. Thus, the combination of late gadolinium enhancement with T2-weighted CMR is a powerful and reliable tool to Fig. 3 . Long-axis and short-axis contrast-enhanced inversion recovery cardiovascular magnetic resonance images show transmural enhancement in a 71-year-old woman with acute chest pain, ST-segment elevation on ECG, and total occlusion of the proximal left anterior descending coronary artery on conventional angiography differentiate acute from chronic myocardial infarction (84) . PCI-related mild elevations of cardiac biomarkers are common and induced by new myocytes necrosis. Ricciardi et al. found that PCI-related elevations of creatinine kinase-MB were associated with myocardial hyperenhancement within the territory of target vessel perfusion and the mass of infarcted tissue was related to the peak of creatinine kinase-MB level (83) .
The benefits of early reperfusion in patients with acute myocardial infarction are well established. However, the ischemic territory may not be properly reperfused despite successful recanalization of an infarct-related artery. CE-CMR is able to detect the extent of microvascular obstruction using the first-pass or early enhancement techniques. The "no-reflow" zones are characterized as the persistent hypointense areas during the first-pass of a contrast agent and are surrounded by the hyperenhanced areas. The region of microvascular obstruction increases up to 48 hours after acute infarction (85) and is associated with a higher risk of cardiovascular complications (86) . The presence of microvascular obstruction is associated with a worse functional outcome, larger infarcts, and a greater reduction in the infarct size at follow-up (87) .
The transmural extent of hyperenhancement is significantly related to the likelihood of recovery of myocardial contractility after successful revascularization. In a study by Kim et al., myocardial contractility improved in 78% of the segments without hyperenhancement, while only one segment recovered with transmurality of myocardial infarction of >75% (77) . The presence of any hyperenhancement detected by CMR is associated with a more than 7-fold increased risk for major adverse cardiac events (88) . A recent study demonstrated a linear relationship between transmural viability (<50%), number of viable+normal segments, and the change in left ventricular systolic function in patients with heart failure undergoing CABG (89) . The left ventricular end-diastolic wall thickness (EDWT) is associated with the likelihood of functional recovery after revascularization. In a study by Krittayaphong et al., only 9.6% of the segments with an EDWT of <5.5 mm demonstrated an improvement in contractility after revascularization. Late gadolinium enhancement was a better predictor for functional recovery even in patients with an EDWT of <5.5 mm (90) .
Myocardial infarctions with atypical or even without symptoms are prevalent among diabetic patients. Kwong et al. investigated 187 diabetic patients with the absence and presence of clinical evidence of myocardial infarction. The presence of delayed enhancement was associated with a more than 3-fold increased risk for major adverse cardiac events and death (HR, 3.71 and 3.61, P=0.001 and P=0.007; respectively) (91) . In a large study of CE-CMR with a median follow-up of 4.4 years, Cheong et al. demonstrated that the scar index predicted allcause mortality or cardiac transplantation in patients with or without CAD. In patients with relatively preserved left ventricular systolic function (EF≥50%), the presence of delayed enhancement was associated with a worse outcome as compared with the absence of hyperenhancement. Thus, CE-CMR could be a potential noninvasive risk stratification method in patients with preserved left ventricular EF, who may benefit from more aggressive management strategies (92) .
Coronary Magnetic Resonance Angiography
Coronary MRA is still limited by low spatial resolution to image coronary arteries small in diameter and long tortuous in their course. A current clinical role of coronary MRA is the detection of anomalous coronary arteries and their anatomical course. However, recent studies report a high sensitivity and specificity of coronary MRA to rule out relevant obstructive CAD (93, 94) . Nagata et al. concluded that whole-heart coronary MRA performed at 1.5 T with 32-channel coils might serve as an alternative to multidetector CT coronary angiography in patients who had contraindications to a contrast agent or in young individuals (95) . In a recent study, Hamdan et al. concluded that 32-channel 3-T CMR and 64-slice CT coronary angiography similarly identify significant coronary stenosis in patients with suspected or known CAD (96) .
Conclusions
Cardiovascular magnetic resonance is one of the newer noninvasive cardiovascular imaging techniques and provides a comprehensive assessment of cardiac anatomy, function, myocardial perfusion and viability in a single study. Recent advances in the magnetic resonance imagining hardware and software improve diagnostic accuracy and make cardiovascular magnetic resonance imaging a possible alternative to the conventional x-ray technique. The use of multiparametric protocols allows a versatile and thorough evaluation of patients with known or suspected coronary artery disease. However, limited availability and costs make cardiovascular magnetic resonance imaging still unachievable to many patients.
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